A within-subject comparison of auditory steady-state response ͑ASSR͒ and psychophysical measurements of aerial hearing sensitivity was conducted with an individual of the largest otariid species, the Steller sea lion. Psychophysical methods were used to obtain an unmasked aerial audiogram at 13 frequencies, spanning a range of 0.125-34 kHz. The subject had a hearing range ͑frequencies audible at 60 dB rms re 20 Pa͒ of about 0.250-30 kHz, and a region of best hearing sensitivity from 5-14.1 kHz. The psychophysical aerial audiogram of this Steller sea lion was remarkably similar to aerial audiograms previously obtained for California sea lions and northern fur seals, suggesting that the otariid pinnipeds form a functional hearing group. ASSR thresholds, measured at frequencies of 1, 2, 5, 10, 20, and 32 kHz, were elevated relative to corresponding psychophysical thresholds, ranging from +1 dB at 20 kHz, to +31 dB at 1 kHz. The ASSR audiogram accurately predicted the subject's high-frequency cutoff, and provided a reasonable estimate of hearing sensitivity at frequencies above 2 kHz. In testing situations where psychophysical methods are not possible, ASSR methods may provide an objective and efficient estimate of behavioral hearing sensitivity in otariid pinnipeds.
I. INTRODUCTION
The otariid pinnipeds ͑family Otariidae, the sea lions and fur seals͒ lead an amphibious existence, foraging at sea, and carrying out reproductive functions in coastal haul-out areas. Aerial vocalizations are critical for communication among individuals in these crowded rookeries ͑see Schusterman and Van Parijs, 2003 for a review͒. For example, the vocalizations emitted by mature males are used to maintain breeding territories ͑Peterson and Bartholomew, 1969; Fernandez-Juricic et al., 2001; Gwilliam et al., 2008͒ , and vocal interactions aid in the reunion of mothers and pups in crowded breeding colonies ͑Insley et al., 2003͒. Despite the importance of aerial acoustic cues to otariid reproductive behavior, aerial hearing sensitivity curves ͑au-diograms͒ have been reported for only two of the 14 otariid species: the California sea lion ͑Zalophus californianus͒ and the northern fur seal ͑Callorhinus ursinus͒. Following the first otariid aerial audiogram obtained with a California sea lion ͑Schusterman, 1974͒, Moore and Schusterman ͑1987͒ conducted refined aerial hearing sensitivity measurements with one California sea lion and two northern fur seal subjects using psychophysical methods in a sound-attenuating booth. The audiograms of all three individuals displayed generally similar characteristics: a gradual increase in sensitivity from the low frequencies up to 2 kHz, best sensitivity near 8 to 16 kHz, and a sharp loss in sensitivity indicating an upper-frequency limit between 16 and 32 kHz. Babushina et al. ͑1991͒ reported a similar aerial audiogram for a northern fur seal with a range of best hearing sensitivity from 2-16 kHz.
In addition to providing comparative data on marine mammal auditory function, the few published investigations on aerial hearing in otariids have been important in designing criteria to mitigate the negative effects of anthropogenic noise in coastal marine environments ͑e.g., Southall et al., 2007͒ . However, the available data are limited to small sample sizes of captive individuals, making it difficult to form conclusions regarding the variability of hearing sensitivity among individuals within a population, as well as between otariid species. This lack of basic information has led to recommendations that the number of otariid individuals and species for which hearing data exists should be increased ͑National Research Council 2000 A method which has shown promise for objectively estimating hearing sensitivity in an increased number of marine mammals is the recording of the auditory brainstem response ͑ABR͒, which comprises electrophysiological responses generated by the auditory system following acousa͒ tic stimulation. Hearing screening using ABR methods is a rapid and non-invasive procedure that does not require the training of subjects, and is now a standard procedure with newborn infants in the United States ͑see Hall, 2007͒ . In order to extend ABR-based methods to pinnipeds, Wolski et al. ͑2003͒ measured aerial hearing sensitivity using both behavioral and ABR methods in an individual harbor seal ͑Phoca vitulina͒. The electrophysiological thresholds, defined as the lowest stimulus level for which an ABR elicited by tone bursts was visually detectable, were reasonable predictors of behavioral thresholds. Electrophysiological methods therefore appear to provide a means of efficiently estimating behavioral hearing sensitivity in pinnipeds.
The traditional methods of visually detecting ABRs in electrophysiological recordings are subjective, and may be prone to high variability as a result of inter-observer detection biases and extraneous electrical noise in recordings ͑e.g., Arnold, 1985; Vidler and Parker 2004͒ . As a means of reducing such confounding effects in the detection of an ABR, objective statistical detection of an auditory evoked potential can be facilitated in the frequency domain through the measurement of the auditory steady-state response ͑ASSR͒. ASSRs can be recorded as rhythmic potentials generated by the auditory brainstem that are phase-locked to a modulation pattern ͑i.e., amplitude modulation͒ imposed on an acoustic stimulus ͑Kuwada et al., 1986; Lins et al., 1995 . Thus, an ASSR can be detected in the frequency-domain representation of the electrophysiological record as a spectral peak present at the stimulus modulation rate. The application of ASSR methods has recently proven to be useful for measuring the hearing sensitivity of odontocete cetaceans ͑dolphins and porpoises͒ in a number of settings where behavioral methods were not readily available ͑Nachtigall et al., 2005 ͑Nachtigall et al., , 2008a Cook et al., 2006; Houser et al., 2008; Supin et al., 2001͒. In order to determine if ASSR methods can provide a useful prediction of behaviorally measured hearing sensitivity in otariids, we measured unmasked aerial hearing sensitivity in a 1-year-old male Steller sea lion ͑Eumetopias jubatus͒ using both psychophysical and ASSR methods. The Steller sea lion, the largest of otariid species, inhabits a range in the North Pacific from Japan to the central coast of California ͑Loughlin et al., 1984; National Research Council, 2003͒ . This species has garnered recent attention due to an 80% population decline over the last 3 decades, and its listing in 1997 as an Endangered Species under the United States Endangered Species Act ͑National Research Council, 2003͒. This study was completed while the Steller sea lion subject was temporarily housed at Long Marine Laboratory in Santa Cruz, California, prior to his transfer to a permanent captive facility. This opportunity allowed for the first measurements of aerial hearing sensitivity to be made for this endangered species, and enabled a direct comparison of hearing thresholds obtained using psychophysical and ASSR methods.
II. MATERIALS AND METHODS

A. Psychophysical audiogram
Subject
The subject of the study was a 1-year-old male Steller sea lion identified as "Astro" ͑NMFS Identification Number: NOA0006398͒. For the duration of the psychophysical study, the sea lion was housed in a saltwater pool with adjacent haul-out areas at Long Marine Laboratory, at the University of California, Santa Cruz. His diet consisted of a mix of fish ͑herring and capelin, 6.8 kg total per day͒, approximately one-third to one-half of which was provided during experimental sessions. The subject was previously naive to psychophysical research, but had participated in training for husbandry purposes. Training for audiometric sessions was initiated on January 1, 2008. Data collection took place during the period of January 14, 2008 to February 25, 2008 , with one to two audiometric sessions conducted per day.
Experimental apparatus and testing environment
All sessions were conducted in a 4.0ϫ 2.8ϫ 2.4 m 3 hemi-anechoic, sound-attenuating chamber ͑Eckel Industries͒, previously described by Holt et al. ͑2004a͒ . The experimental apparatus consisted of a 52 cm tall PVC chin cup that served as a station, placed 1 m in front of the speakers used for test signal production ͑see Sec. II A 3 below͒, and a 9 ϫ 9 cm 2 PVC response target placed 50 cm to the left of the chin cup. In order to indicate the time interval that delineated individual trials, a small "trial light" was placed immediately next to the speaker. A second speaker ͑Audiovox Advent AD570͒, used to produce a bell tone marking a correct response, was placed on the floor to the right of the subject, near the front wall of the chamber.
One of two trainers was present in the test chamber for all experimental sessions. During a session, the trainers wore headphones with sound-attenuating earmuffs that rendered them unable to hear test stimuli. The subject was therefore unable to gain information regarding the presence or absence of an acoustic signal, based on inadvertent cues from the trainer. The experimenter was located in an adjacent 1.3 ϫ 2.8ϫ 2.4 m 3 control room, and monitored the sessions using surveillance cameras and a monitor. Thus, both the subject and the trainer were out of visual and auditory contact with the experimenter during data collection.
Acoustic stimuli and calibration
Test stimuli were pure tones of 500 ms duration with a linear rise-fall time of 40 ms. This duration was chosen as it exceeds the temporal integration time constant for otariids, below which threshold is dependent on stimulus duration ͑Holt et al., 2004b; Ghoul et al., 2009͒ . Stimuli were generated by a custom National Instruments LABVIEW virtual instrument, and sent through a National Instruments PXI-6229 data acquisition ͑DAQ͒ card with an attached National Instruments BNC-2120 breakout box. Signals were then attenuated with a Tucker-Davis Systems PA5 programmable attenuator, followed by band-pass filtering using a KrohnHite 3550 filter. In some cases ͑0.125, 0.25, 4, 28.2, and 34 kHz͒, outgoing stimuli were amplified using a Hafler Trans Ana P1000 power amplifier. The stimuli were projected using one of four speakers, depending on frequency: a JBL 2245H low frequency loudspeaker ͑0.125 kHz͒, JBL 2123H/J midrange transducer ͑0.250, 0.500, 1, 2, 4, and 5 kHz͒, JBL 2404H ultra-high frequency transducer ͑5, 10, and 14.1 kHz͒, or a Fostex FT96H Horn Super Tweeter ͑20, 28.2, 30, and 34 kHz͒.
Signals were calibrated before and after each audiometric session in the absence of the subject using either a Josephson engineering C550H microphone ͑0.02-20 kHzϮ 2 dB͒ or an Aco-Pacific 7016 microphone ͑0.005-120 kHz Ϯ 2 dB͒, placed at the position corresponding to the center of the subject's head during testing. The incoming calibration signal was band-pass filtered to prevent aliasing, amplified by 20 dB using a Krohn-Hite 3364 filter, and then sent through the BNC-2120 breakout box to the PXI-6229 DAQ card. Signal SPLs ͑dB rms re 20 Pa͒ were calibrated in the LABVIEW virtual instrument using an averaged FFT with a flat top window. In addition to this standard calibration procedure, the sound field was measured at every frequency at three points in a 20 cm transect ͑10 cm increments approximating a line through the ears͒ to ensure that the calibration point was indicative of the subject's received levels. For all frequencies, except for 10 and 20 kHz, the levels measured at each location were within Ϯ3 dB of the calibration location at the center of the chin station. Sound levels at 10 and 20 kHz differed from those at the center of the chin station by Ϯ4 dB and Ϯ6 dB, respectively.
Noise levels were measured in the testing chamber with a Brüel & Kjaer 2250 sound level meter ͑1-min unweighted recording, 1/3-octave band analysis͒, placed at a position corresponding to the center of the subject's head. Noise measurements at frequencies higher than 20 kHz were not available due to limitations of the B&K 2250, however, some explorative measurements were made using the Aco-Pacific 7016 microphone and a spectrum analyzer.
Test procedure
The experimental task was a go/no-go procedure, in which the subject was trained to touch the response target, placed immediately to the left of the chin station when he perceived a signal as being present, and to remain motionless at the chin station when a signal was not detected. When the subject oriented toward the speaker with his head placed firmly within the chin station, the experimenter signaled the beginning of a trial by turning on the trial light located in front of the subject. Both signal-absent and signal-present trials were 4 s in duration, during which time the trial light remained on. In the case of a signal-present trial, the test tone was presented in an unpredictable fashion by varying the delay at which it was triggered within the 4 s window. If the subject touched the response target after the test tone was presented ͑a hit͒, the bell tone marking a correct response was played through the AD570 speaker, and the trainer rewarded the sea lion with one capelin. The subject was similarly rewarded for remaining motionless in the chin station for the entire 4 s duration of a signal-absent trial ͑a correct rejection͒. When the subject responded by touching the response target on a signal-absent trial ͑a false alarm͒, or failed to respond during the 4 s trial interval on a signal-present trial ͑a miss͒, the trial light was turned off, no reward was provided, and the following trial was initiated, following a short delay. In the case that the subject pressed the response target before the presentation of signal, the response was scored as a false alarm. The experiment was double-blind in nature, in that both the subject and the trainer did not have any a priori knowledge of the trial type.
An adaptive up-down descending methods of limits, or staircase, procedure was used to determine hearing thresholds at each frequency ͑Cornsweet, 1962͒. At the start of each session, initial signal levels were set to a "warm-up" level, approximately 25 dB above the subject's predicted threshold. The signal level was attenuated by 4 dB after each hit until the first miss. After this point, all signal level adjustments were made in 2 dB increments, with the signal level elevated by 2 dB following each miss and attenuated by 2 dB following each hit. Trials were conducted in this fashion until nine reversals ͑transitions from miss to hit, and vice versa͒ had occurred. After the ninth reversal, the signal was reelevated to the starting level, and a "cool-down" phase consisting of six trials was conducted. Sessions typically comprised 45 to 50 trials and lasted approximately 10 min. Signal-present and signal-absent trials were generated in a pseudo-random order. The probability of a signal-present trial occurring was 50%, 60%, or 65% ͑adjusted between sessions over the course of the experiment in order to maintain a response bias corresponding to a false alarm rate between 0% and 30%͒.
Data analysis
Thresholds for individual sessions were calculated in the fashion of Dixon and Mood ͑1948͒ using signal-present trial data from the first through the ninth reversal. Data collection for a threshold was complete when the subject had reached a stable threshold ͑i.e., a standard deviation of less than or equal to 3 dB for three consecutive sessions at a given frequency͒, and the average false alarm rate of the three sessions was greater than 0% and less than 30%. Final thresholds were calculated as the mean of these three consecutive sessions. The threshold at 20 kHz was the only exception to these criteria; data collection at this frequency was completed with a false alarm rate of 0% due to time constraints.
The thresholds obtained in this experiment were compared to the results of a previous study of underwater hearing in one male and one female Steller sea lion reported by Kastelein et al. ͑2005͒ . Comparisons were made, both using sound pressure and sound intensity ͑assuming plane-wave propagation͒ as the relevant metric of sound detection ͓see Kastak and Schusterman ͑1998͒, regarding aerial and underwater hearing comparisons in pinnipeds͔. Pressure comparisons were made by converting underwater thresholds ͑re-ported originally in dB rms re 1 Pa by Kastelein et al.͒ to dB rms re 20 Pa. Sound intensity thresholds were estimated in W / m 2 using the following relationship for plane-wave propagation conditions:
where I is sound intensity in W / m 2 , p is rms sound pressure in Pa, is the density of the medium ͑estimated at values of = 1.2 kg/ m 3 for air, = 1030 kg/ m 3 for seawater͒, and c is the speed of sound in the medium ͑estimated at values of c = 340 m / s for air, c = 1500 m / s for seawater͒ ͑Kinsler et al., 1982͒. It should be noted that the values for density and sound speed are estimates, and that plane-wave sound propagation conditions likely did not exist in the pool where the underwater pressure thresholds were obtained; thus, sound intensity thresholds can only be approximated.
B. ASSR audiogram
Testing environment and subject state
Collection of electrophysiological data took place three months after the completion of the psychophysical study, following the subject's transport to Mystic Aquarium and Institute for Exploration for permanent housing. ASSR recordings were obtained in a veterinary surgery room, following the completion of an unrelated surgical procedure. Prior to the surgical procedure, the subject was administered with an intra-muscular injection of 30 mg of diazepam, 19.5 mg midazolam, and 2.6 mg medetomidine. Following intubation, 1%-2% isoflurane was used to keep the subject unconscious for the surgery and subsequent ASSR data collection. He was positioned in ventral recumbence and monitored continuously by the attending veterinarian and veterinary technicians during the ASSR recording procedure.
Acoustic stimuli and calibration
Thresholds were determined for sinusoidally amplitudemodulated ͑SAM͒ pure tone stimuli with carrier frequencies matched to five of the data points from the psychophysical audiogram: 1, 2, 5, 10, and 20 kHz. During the ASSR experiment, 32 kHz was tested instead of 34 kHz, due to the limitations of the headphones and the calibration microphone used in the experiment ͑see below͒. The SAM tones were continuous on a given trial to avoid "stimulus-on" or "stimulus-off" neural potentials in the ASSR recordings, and the polarities of the waveforms alternated between positive and negative on successive presentations to reduce electrical artifacts in the ASSR records. The rate of amplitude modulation for the SAM tones was 153.9 Hz. Following generation using the Evoked Response Study Tool ͑EVREST͒ ͑Finne-ran, 2009͒ and digital-to-analog conversion by a USB-6251 DAQ card, the SAM signals were first passed through a Krohn-Hite 3C series low-pass filter module ͑Ϫ3 dB at 150 kHz͒, and then passed through a custom attenuator controlled by EVREST. The conditioned signals were sent binaurally to a pair of Telephonics TDH-39 headphones, which had been custom fit with sound-attenuating supra-aural "earmuffs" ͑3 to 17 dB of noise attenuation at test frequencies͒ designed to fit over the subject's ears without altering the natural orientation of the pinnae.
Signal calibration levels for the each of the tested frequencies were based on mean SPLs measured during electrophysiological testing of sea lion subjects conducted prior to this procedure using a similar experimental set-up. For these calibrations, an Etymotic ER-7C probe microphone ͑0.25-10 kHzϮ 2.5 dB͒ was placed underneath a subject's headphone near the meeting of the pinna and the scalp. Incoming electrical signals from the microphone were lowpass filtered using a second Krohn-Hite 3C series filter module to prevent aliasing ͑Ϫ3 dB at 200 kHz͒, followed by analog-to-digital conversion with the USB-6251 card and subsequent recording and coherent averaging by EVREST. The frequency responses of the two headphones were similar there was less than 3 dB difference at all test frequencies. For frequencies above the nominal range of the ER-7C microphone, calibration values were corrected, based on the microphone's frequency response.
Ambient noise levels were measured immediately following data collection using a custom LABVIEW virtual instrument and the Etymotic ER-7C probe microphone placed underneath the subject's Telephonics TDH-39 headphones.
ASSR collection
ASSRs were recorded using a three-electrode montage comprising Grass F-E3M-72 12 mmϫ 30 gauge stainless steel subdermal needle electrodes. An active ͑non-inverting͒ electrode was placed on the dorsal midline of the subject's head, midway between the ears, a reference ͑inverting͒ electrode was placed on the subject's dorsal midline, just posterior to the nape of the neck and near the scapula, and a ground electrode was placed just posterior to the ribcage. Incoming electrophysiological signals were amplified 100,000 times and bandpass filtered ͑0.1 to 1 kHz, Ϫ6 dB at cutoffs͒ using a Grass IP511 differential bio-potential amplifier. Following amplification and filtering, electrophysiological signals underwent analog-to-digital conversion with the USB-6251 card. The EVREST software sampled ͑F s = 5.618 kHz͒, recorded, and averaged the ASSR waveforms over a 64.97 ms recording window. An FFT ͑rectangular window͒ of the averaged 64.97 ms window was used to transform the electrophysiological record into the frequency domain. The 64.97 ms duration of the window allowed for a frequency bin in the spectra that was centered at the 153.9 Hz modulation rate. Any recording window containing a voltage of absolute peak magnitude greater than 25 V was considered to contain spurious electrical artifacts, and was therefore rejected without being included in the waveform average. The first four epochs at a given level were also automatically rejected from each record to avoid the inclusion of onset responses to the SAM signal.
Up to 2000 individual 64.97 ms epochs were coherently averaged in real time in order to eliminate extraneous electrical noise. At intervals of 250 epochs, a magnitudesquared-coherence ͑MSC͒ test was used to determine if an ASSR at the 153.9 Hz modulation rate was present in the record. The MSC test created 20 sub-averages from the grand average record, and provided a ratio of the power at the SAM modulation rate in the grand average to the average power at the modulation rate in the sub-averages ͑Dobie and Wilson, 1989, 1995͒. An ASSR was considered to be present if the MSC statistic was larger than a critical value at the level of ␣ = 0.01 ͑critical values obtained from Amos and Koopmans, 1963 and Brillinger, 1978͒ . If an ASSR was not detected using the MSC test after 2000 averaged epochs, it was considered that no ASSR was present.
For threshold determination, SAM stimuli at each frequency were set to an initial level assumed to be above the subject's threshold. In the case of a hit at this level ͑an ASSR was detected using the MSC test͒, the signal for the subsequent trial was then attenuated 10 dB relative to the previous level. A miss was scored when a statistically significant ASSR was not detected after 2000 epochs. Following the first miss, a signal level 5 dB above the miss was tested. Thresholds at each frequency were defined as the signal level corresponding to the lowest detectable response. Before thresholds were accepted at a frequency, two misses at 5 and 10 dB below the lowest hit were collected to confirm that threshold had been reached. The total time for collection of the ASSR audiogram was approximately 70 min.
III. RESULTS
A. Psychophysical audiogram
The subject's aerial thresholds and false alarm rates at each frequency tested are provided in Table I , and the psychophysical audiogram is shown in Fig. 1 . The audiogram had a U-shape with a shallow low frequency roll-off below 1 kHz, and a steep high-frequency roll-off above 28.2 kHz. The subject's hearing range ͑defined as the range of frequencies audible at 60 dB SPL͒ was about 0.250 kHz to 30 kHz. Maximum sensitivity of 7 dB SPL was found at 10 kHz, with a range of best hearing ͑defined as the range of frequencies audible at 10 dB above maximum sensitivity͒ of 5 to 14.1 kHz. The shape of the audiogram was remarkably similar to aerial audiograms previously obtained for two other otariid species ͑Fig. 2͒. A prominent feature of this Steller sea lion's audiogram was an increase in sensitivity at 1 kHz, relative to 0.500 kHz, followed by a decrease in sensitivity at 2 kHz.
Thresholds and false alarm rates among sessions for each frequency were fairly consistent and allowed for false alarm rate and threshold standard deviation criteria ͑see Sec. II above͒ to be met over the course of a few days of testing. A single exception to this occurred during testing at 20 kHz, where the subject's false alarm rate was consistently 0%. Due to the unusually conservative response bias at this frequency, the threshold value of 29 dB SPL at 20 kHz may be an underestimation of sensitivity relative to other frequencies.
Noise spectral density levels in the test chamber ͑Fig. 3͑a͒͒ decreased with increasing frequency; levels fell below 0 dB re ͑20 Pa͒ 2 / Hz above 0.200 kHz, and were generally limited by the self-noise of the B&K 2250 ͑Ϫ20 dB re ͑20 Pa͒ 2 / Hz͒ from 1.25-20 kHz. Explorative measurements with the Aco-Pacific 7016 microphone indicated that noise levels appeared to be sufficiently low to prevent masking of thresholds above 20 kHz.
The underwater thresholds obtained by Kastelein et al. ͑2005͒ are shown with the aerial audiogram from our Steller sea lion subject in Fig. 4 . When comparisons are made in terms of sound pressure ͓Fig. 4͑a͔͒, all thresholds were lower in air with the exception of the highest frequencies tested by Kastelein et al. The underwater thresholds were lower than aerial thresholds at the low and high ends of the audiogram when sound intensity was used as the relevant metric of de-TABLE I. Aerial hearing thresholds for a juvenile male Steller sea lion obtained using psychophysical methods. The mean thresholds are the average of the three consecutive session thresholds reported. Also shown are the average false alarm rates for each frequency and the order in which testing occurred for each frequency. tection ͓Fig. 4͑b͔͒. However, estimated aerial intensity thresholds were lower than estimated underwater intensity thresholds in the range of best hearing sensitivity ͑5-14.1 kHz͒ for the subject of the present study.
B. ASSR audiogram
The last detectable ASSR responses at each tested frequency, determined using the MSC test described in Sec. II ͑above͒, are provided in Table II . A comparison with the psychophysical audiogram obtained for this subject shows that there is a good agreement between thresholds obtained using the two methods ͑Fig. 5͒. All ASSR thresholds were elevated above psychophysical thresholds obtained at corresponding frequencies, although, to varying degrees: differences of greater than 10 dB were found at the lowest tested frequencies, 1 and 2 kHz, as well as at 10 kHz.
Noise spectral density levels measured under the subject's headphones decreased with increasing frequency up to 1 kHz, where levels were below 0 dB re ͑20 Pa͒ 2 / Hz ͑61 Hz bin resolution͒. Above 1 kHz, noise levels were limited by the self-noise of the probe microphone, but it is a fair assumption that noise spectrum levels above 1 kHz were lower in amplitude than those measured at 1 kHz as the room was kept quiet during testing, with all doors closed and equipment use kept to a minimum. In order to further characterize the acoustic noise levels in the surgery room, noise measurements were made at a later date using a Brüel & Kjaer 2250 sound level meter ͑1-min unweighted recording, 1/3-octave band analysis͒, in a testing configuration that approximated that of the ASSR experiment. Noise levels ͓Fig. 3͑b͔͒ decreased approximately linearly with increased logfrequency, with levels of 21 dB re ͑20 Pa͒ 2 / Hz at 1 kHz, falling below 0 dB re ͑20 Pa͒ 2 / Hz at 16 kHz. Intermittent sound generated by compression of the anesthesia ventilator ͑about 1 compression per 7 s͒ caused the noise distribution at most frequencies to be positively skewed ͑i.e., actual noise levels were generally less than the 1-min L eq level during testing͒.
IV. DISCUSSION
A. Comparison of ASSR and psychophysical methods
The psychophysical thresholds obtained in the soundattenuating chamber reliably depict the aerial hearing capa- for a review͒ in that thresholds obtained using the ASSR method are similar, although elevated, relative to psychophysical thresholds. Based on noise levels in the surgery room, which served as the testing environment, the potential for auditory masking by ambient noise must be considered in the interpretation of elevated ASSR thresholds. The surgery room was not designed for sound attenuation, and the ventilator that was used to administer gas anesthesia created intermittent broadband noise. Although it is difficult to quantitatively determine the influence of background noise on the ASSR thresholds, the greatest potential for masking exists at the lowest tested frequencies of 1 and 2 kHz, where noise levels were highest. This may have contributed to the marked elevation above behavioral thresholds at these frequencies ͑see, e.g., Lins et al., 1996͒. The ASSR thresholds at frequencies higher than 2 kHz are relatively similar to the unmasked behavioral thresholds, and masking effects are most likely minimal. The ASSR threshold at 10 kHz is an exception to this trend and difficult to explain, based on the limited electrophysiological data from this study. It is possible that the discrepancy at this frequency is due to random error in the ASSR measurement, an issue which may be resolved by repeated within-subject threshold measurements in future studies.
An increased discrepancy between behavioral and ASSR measurements of underwater hearing sensitivity in a bottlenose dolphin ͑Tursiops truncatus͒ was also found at the lowest tested frequencies in a study by Schlundt et al. ͑2007͒.
The authors attribute this to the fact that low frequency SAM stimuli are not especially effective at evoking ASSRs due to mechanical properties of the inner ear. Some effort should be put into resolving the problem of estimating hearing at low frequencies in future electrophysiological assessments of hearing in pinnipeds. The use of frequency-specific stimuli, such as trains of repeated tone bursts, which elicit higheramplitude ASSRs than those elicited by SAM tone stimuli ͑Supin and Popov, 2007͒ and improved methods of extracting electrophysiological signals from noise, such as weighted averaging of epochs ͑Elberling and Wahlgreen, 1985͒, may allow for higher ASSR signal-to-noise ratios at low frequencies. Specially constructed, sound-attenuating testing environments for electrophysiological hearing procedures can additionally help by reducing the potential for auditory masking.
The use of different transducers ͑i.e., speakers in a direct field vs. headphones in the psychophysical and the ASSR experiments, respectively͒ presents a potential problem when comparing psychophysical and electrophysiological thresholds. A comparison of free-field aerial hearing thresholds and circumaural headphone thresholds in a pinniped species, the harbor seal ͑Phoca vitulina͒ ͑Holt et al., 2001͒, failed to show any marked differences ͑although differences in head and ear structure between the harbor seal and the Steller sea lion should be noted͒. Large transducer-dependent threshold differences in our comparison thus seem unlikely, and in any case, the demonstration that the ASSR method provided a reasonable estimate of behavioral hearing sensitivity is of main importance.
The two-month time period required to obtain a reliable psychophysical audiogram demonstrates the utility of conducting psychological testing with stranded marine mammals who are housed in captive research facilities ͑see Nachtigall et al., 2008b͒ . In situations where the training of subjects is not feasible, ASSR methods may efficiently predict features of the audiogram such as range of best sensitivity and upperfrequency cutoff. One relevant application of ASSR methods is the detection of age-related hearing loss at the highfrequency end of the audiogram, which has been previously demonstrated in a California sea lion subject ͑Schusterman et al., 2002͒. Additionally, the underwater and aerial upperfrequency limits of hearing in otariids appear to occur at similar frequencies ͑Schusterman et al., 1975; Moore and Schusterman, 1987; Babushina et al., 1991; Hemilä et al., 2006͒ , therefore, ASSR measurements of aerial hearing sensitivity may be of use in estimating otariid underwater audiograms.
B. Comparative otariid hearing
Although somewhat elevated above the absolute sensitivities of terrestrial carnivores ͑see Fay, 1988͒, the psychophysical hearing thresholds in the region of best hearing indicate acute aerial sensitivity in the Steller sea lion. The absolute sensitivities and frequency range of hearing of the Steller sea lion are especially similar to those of the California sea lion and northern fur seal. The close correspondence of these three species is remarkable, as the northern fur seal is the most evolutionarily distinct of the living otariid species, belonging to the monophyletic group that diverged from all other extant otariid species more than 5 million years ago ͑see Heyning and Lento, 2002͒ . It is therefore a reasonable assumption that the common ancestor of all extant otariids possessed hearing characteristics similar to the California and Steller sea lions and the northern fur seal, and that all extant otariids form a functional hearing group with similar aerial hearing characteristics. Further testing of a fur seal representing the Arctocephalus genus ͑for which no hearing data are currently available͒ would help to confirm the uniformity of otariid aerial hearing.
A feature similar to the decrease in sensitivity at 2 kHz relative to 1 kHz in the Steller sea lion audiogram is also present in audiograms for the two previously tested otariid species, the northern fur seal, and the California sea lion ͑Moore and Schusterman, 1987͒, as well as a phocid species, the harbor seal ͑Møhl, 1968͒. Noting the relationship between resonance frequency and the length of the human external auditory meatus found by Wiener and Ross ͑1946͒, Møhl suggested than an increase in sensitivity at 2 kHz in the harbor seal audiogram is a result of quarter length resonance in an external auditory meatus with an estimated length of 50-60 mm. It is conceivable that resonant properties of outer and/or middle ear structures could result in the "notches" of increased or decreased sensitivity in the mid-frequency region of otariid audiograms. The underwater audiograms of the otariids do not display such notches ͑Schusterman et al., 1975; Moore and Schusterman, 1987; Babushina et al., 1991; Kastelein et al., 2005͒ . This is congruent with the suggestion that these features are not cochlear in origin, but rather related to differences in the conformation of the outer and/or middle ear in aerial and underwater environments. Further description of the outer and middle ear structures of pinnipeds and their conformations, both in air and under water, would be of use in confirming this hypothesis.
The similarity of the aerial hearing capabilities in otariids is applicable in validating criteria designed to mitigate the impacts of anthropogenic noise in marine environments. For example, Southall et al. ͑2007͒ have generated M-weighting curves that are qualitatively similar to the A and C weighting functions used in human noise exposure regulation ͑see Kryter, 1994͒. M-weighting functions for a number of marine mammal functional hearing categories ͑e.g., high-frequency cetaceans, pinnipeds in air͒ are based on the audiograms of marine mammal species, and are designed to estimate the effects of anthropogenic noise as a function of noise amplitude and spectral characteristics. For example, a "pinniped in air" M-weighting function effectively eliminates frequency components below 50 Hz and above 50 kHz, as sound beyond these limits falls outside of the aerial hearing range of every tested pinniped species. Our findings suggest that the "pinniped in air" M-weighting function can be appropriately extrapolated to all otariids in conservatively estimating the effects of aerial anthropogenic noise.
Comparison of the aerial and underwater hearing capabilities determined for the Steller sea lion lend weight to the notion that otariid hearing is well adapted for aerial function ͑Kastak and Schusterman, 1998; Schusterman et al., 2000͒. When comparisons are made based on acoustic pressure ͑which Kastak and Schusterman concluded to be the relevant metric of comparison for pinnipeds͒, the Steller sea lion's hearing is 30-50 dB better in air throughout the range of best sensitivity. Threshold comparisons, based on estimated sound intensity, would suggest that auditory sensitivity is essentially similar in air and under water at all, except for the highest frequencies in the hearing range of the Steller sea lion. When either sound pressure or estimated intensity is used as the metric of comparison, it appears that adaptations of the otariid ear for underwater function, such as modifications of osseous structures in the skull, cavernous tissue in the middle ear, and diminished tympanic membrane size relative to the oval window ͑Odend 'hal and Poulter, 1966; Repenning, 1972͒ have resulted in a only a relatively small loss of aerial sensitivity relative to terrestrial carnivores.
A few caveats must be noted in the comparison of the aerial thresholds from the Steller sea lion in this study with the underwater thresholds reported by Kastelein et al. ͑2005͒ . The comparisons were not made using the same subject or testing configuration, and the possibility exists that some of the differences between thresholds are based on inter-individual or methodological differences. Second, we have calculated intensity based on sound propagation in a free field, an assumption that is probably not valid for testing environments such as the small pool used by Kastelein et al.
͑2005͒.
The acute aerial hearing capabilities of the Steller sea lion should be considered in the context of the perception of vocal signals. The majority of Steller sea lion vocalizations have energy mainly below 3 kHz ͑Schusterman et al., 1970; Campbell et al., 2002; Park et al., 2006͒ . Although Steller sea lions appear to have good aerial hearing sensitivity within a wide range of frequencies between 1 kHz and 20 kHz, they are relatively insensitive below 1 kHz, where the dominant energy in many of their vocalizations occurs. Thus, the region of best hearing sensitivity in this species is not correlated with the dominant frequencies of vocalization. Harmonic components in the calls of Steller sea lions can extend to the mid-frequencies ͑Park et al., 2006͒ where this species is especially sensitive, and these spectral components may be especially important in a Steller sea lion's perception of vocalizations by conspecifics. Future work including playback studies, field measurement of vocalization parameters, and psychophysical studies with captive subjects will provide insight on the relationship between the physical characteristics of vocal signals and detection and recognition by otariid species.
ACKNOWLEDGMENTS
This study would not have been possible without the involvement of Traci Kendall and Beau Richter, who conducted all animal training associated with psychophysical data collection. The authors also thank Frances Gulland, Terrie Williams, Tracy Romano, Lisa Mazzaro, and Mike Osborn for providing access to the subject, and Martin Haulena and the veterinary staff of Mystic Aquarium for providing veterinary care. James J. Finneran developed the EVREST software used to collect the ASSR audiogram, and provided helpful technical support. Brian Lynn provided assistance during the evoked potential portion of the study. The authors gratefully acknowledge Ronald Schusterman and two anonymous reviewers for their critical comments on this manuscript. The electrophysiological portion of this study was supported in part by the NOAA Ocean Acoustics program in the National Marine Fisheries Service Office of Science and Technology. All research was conducted under NMFS Marine Mammal Permit No. 932-1489-09, and the authors thank Teri Rowles and the NMFS Office of Protected Resources for their participation in this effort. This study was approved by the Institutional Animal Care and Use Committees at the University of California, Santa Cruz and the Mystic Aquarium and Institute for Exploration.
